We use the framework of the HIJING/BB v2.0 model to simulate high-multiplicity (HM) p + p collision events at the Large Hadron Collider (LHC) to study observables sensitive to possible collective phenomena, such as strong longitudinal color fields (SLCF) modeled by an enhanced string tension (κ). We focus on the hyperon/meson yield ratios at center-of-mass (c.m.) energy √ s = 7 TeV, in the transverse momentum region, 1 < p T < 4 GeV/c. For minimum bias events these ratios are well described assuming an energy dependence κ = κ(s) = κ 0 (s/s 0 ) 0.04 GeV/fm (κ 0 = 1 GeV/fm), giving a value κ = 2 GeV/fm at √ s = 7 TeV. We compare minimum bias (MB) events to simulated HM events assuming that κ(M B) = 2 GeV/fm could grow to an extreme value of κ(HM ) = 5 GeV/fm that saturates the strangeness suppression factor. With this assumption the model predicts a very strong enhancement of (multi)strange baryon/meson ratios in HM events.
I. INTRODUCTION
Charged particle multiplicities measured in high-multiplicity (HM) p + p collisions at CERN Large Hadron Collider (LHC) energies reach values that are of the same order as those measured in heavy-ion collisions at lower energies (e.g., well above those observed at RHIC for Cu + Cu collisions at √ s NN = 200 GeV [1] ). The Bjorken energy density relation [2] connects high multiplicity events with high energy density. Within that approach at the LHC, p + p collisions could reach an energy density of 5-10 GeV/fm 3 , comparable to those in A + A collisions at RHIC [3] . It is, therefore, a valid question whether p + p collisions also exhibit any behavior of the kind observed in heavy-ion collisions [4] [5] [6] [7] [8] [9] [10] [11] . Bjorken first suggested the idea of possible deconfinement in p+p collisions [4] . It has also been suggested by Van Hove [12] and recently by Campanini [13] that an anomalous behavior of average transverse momentum (< p T >) as a function of multiplicity could be a signal for the occurrence of a phase transition in hadronic matter, i.e., formation of a mini quark-gluon
plasma (mQGP). The hadronic interaction model EPOS (Partons Off-shell remnants and
Splitting of parton ladders), has also been used to describe the production of mQGP features in high energy density p + p collisions [14, 15] .
Another indication of collective phenomena might be the observed long-range, near-side angular correlation (ridge) in HM p + p collisions at center-of-mass energy √ s = 7 TeV for charged particle multiplicities well above the mean multiplicity. CMS [16] [17] [18] and ATLAS [19] constructed a two-particle correlation function and measured its value for different ∆η and ∆Φ angular separations. When looking at particles in a specific range of p T and high multiplicity (1 < p T < 3 GeV/c and N ch > 110), a clear ridge-like structure emerges at ∆Φ ≈ 0 and 2 < |∆η| < 4.8, that is not reproduced by existing Monte Carlo (MC) event generators [16] . The origin of this unexpected ridge-like structure found in the two-particle correlation analysis, albeit attracting much theoretical attention, is still under debate [20] [21] [22] [23] [24] [25] .
Identified particle production has been studied in detail by the ATLAS [26] , ALICE [27] [28] [29] [30] [31] [32] and CMS [33] [34] [35] collaborations in p + p collisions at the LHC. Meson (π, K, K . For minimum bias event selection, different PYTHIA parameter sets [36] [37] [38] [39] have difficulty reproducing (multi)strange particle production, predicting too few strange particles and harder p T spectra, the differences with data increasing with the mass of the strange particle [34] . Up to now, none of the MC event generators is able to describe the softer p T and the huge rise of particle production with energy. This has led to a concerted effort to improve the available MC generators.
In a string fragmentation phenomenology, it has been proposed that the observed strong enhancement of strange particle production in nuclear collisions could be naturally explained via strong longitudinal color field effects (SLCF) [40] . Recently, an extension of Color Glass Condensate (CGC) theory has proposed a more detailed dynamical "GLASMA" model [41, 42] of color ropes. In the string models, strong longitudinal fields (flux tubes, effective strings) decay into new ones by quark anti-quark (qq ) or diquark anti-diquark (qq-qq) pair production and subsequently hadronize to produce the observed hadrons. Due to confinement, the color of these strings is restricted to a small area in transverse space. With increasing energy of the colliding particles, the number of strings grows and they start to overlap, forming clusters This can introduce a possible dependence of particle production on the energy density [11] .
We have studied [48] the effect of strong longitudinal color fields (SLCF) in p + p collisions up to LHC energies in the framework of the HIJING/BB v2.0 model, which combines (collinear factorized) pQCD multiple minijet production with soft longitudinal string excitation and hadronization. The default vacuum string tension, κ 0 = 1 GeV/fm, is replaced by an effective energy dependent string tension, κ(s) = κ 0 (s/s 0 ) 0.06 GeV/fm that increases monotonically with center-of-mass energy. The exponent λ = 0.06 is found to succeed at describing well the energy dependence of multiparticle observables for RHIC, Tevatron, as well as LHC data [48] . In the HIJING/BB v2.0 model the rapid growth of dN ch /dη at midrapidity with energy is due to the interplay of copious minijet production with increasing strong color field contributions. However, the large (strange)baryon-to-meson ratios recently measured at LHC energies, especially at √ s = 7 TeV, are not well described using this set of parameters.
In this work we will address this question and in addition we will discuss a possible dependence of the strength of strong color field on the event multiplicity. We will show that the model predicts a very strong enhancement of (multi)strange baryon-to-meson ratios in HM events. If observed, this could be interpreted as a possible signature for formation of a deconfined but out of local thermal equilibrium mini quark-gluon plasma.
II. THE EFFECTIVE STRING TENSION: AN INFRARED SENSITIVE DYNAM-ICAL VARIABLE
For a uniform chromo-electric flux tube with field (E), the pair production rate [40, 43] per unit volume for a (light)heavy quark (Q) is given by
where Q =(diquark), s (strange), c (charm) or b (bottom). The current quark masses are m= 0.45 GeV [44] , m s = 0.12 GeV, m c = 1.27 GeV, and m b = 4.16 GeV [45] . The constituent quark masses of light non-strange quarks are M u,d = 0.23 GeV, of the strange quark is M s =0.35 GeV [46] , and of the diquark is M= 0.55 ± 0.05 GeV [44] .
An enhanced rate for spontaneous pair production is naturally associated with "strong chromo-electric fields", such that κ/m 2 Q > 1 at least some of the time. In a strong longitudinal color electric field, the heavier flavor suppression factor γ QQ varies with string tension via the well known Schwinger formula [47] ,
for Q = qq, s, c or b and q = u, d.
In the model calculations, we assume the following effective masses: M the average string tension value κ increases, the suppression factors γ QQ increase (i.e., this implies a higher rate of QQ pair production).
Using the HIJING/BB v2.0 model, we have shown that it is important to consider that high energy p + p collisions can have a substantial contribution from SLCF effects [48] . In the model phenomenology, the degree of collectivity is described by the overlap of individual strings (clusters), quantified by the infrared sensitive variable, the string tension (κ). A reduction mechanism of strange quark suppression was introduced by assuming that the effective string tension increased with increasing reaction energy according to a power law:
where κ 0 = 1 GeV/fm is the vacuum string tension value and s 0 = 1 GeV 2 is a scale factor. In addition to describing well the energy dependence of charged particle density at mid-rapidity from SPS to LHC energies, we have shown that this dynamical mechanism improves the description of the strange meson/hyperon data at Tevatron and LHC energies [48] [49] [50] . However, using a set of parameters corresponding to those obtained from Eq. 3, results in an over-prediction of the recently measured yields [29] [30] [31] [32] of Ξ particles (by up to a factor of two) and of Ω particles (by up to a factor of four).
A possible reason for this could be a too strong energy dependence used for the mean string tension values (see Eq. 3). Therefore, here we consider a weaker energy dependence of the form,
This leads to a value for the mean string tension of κ = κ(s) = 1.7 GeV/fm at 0.9 TeV and κ = κ(s) = 2 GeV/fm at 7 TeV. The results obtained using this new parametrization will be discussed in Section III.
Because the threshold for strange quark production in a deconfined phase (or in a mQGP)
is much smaller than in a hadron gas, a larger enhancement in strange particle production has been suggested as an indication of possible mQGP formation [51] [52] [53] . Equation 2, which describes strangeness suppression factors γ ss , shows that an increased value κ up to κ ≈ 5
GeV/fm leads to a saturation of suppression factors, γ ss . For example, in p + p collisions at 7 TeV the suppression factor γ ss increases from 0.4 (corresponding to κ 0 = 1 GeV/fm) to approximately 0.85 (corresponding to κ = 5 GeV/fm), and has only a modest further increase up to 0.89 for κ = 8 − 10 GeV/fm.
Therefore, if we assume a different energy density in MB and HM p + p collision events (corresponding also to a different type of ropes formation) could lead to different effective κ values. The κ value obtained from Eq. 4 κ= κ(s) ≈ 2κ 0 can be associated with MB events, since it is deduced from inclusive data. For HM events we will assume an extreme value of κ ≈ 5κ 0 GeV/fm, which corresponds to a saturation of strangeness suppression factors. To better characterize the sensitivity to the parameter κ, we also present the result corresponding to an intermediate value κ= κ(s) ≈ 3κ 0 .
Note that a value κ ≈ 5κ 0 GeV/fm is also supported by recent calculations at finite temperature (T ) of potentials associated with apair separated by a distance r [54] . The finite temperature (T ) form of thepotential has been calculated by means of lattice QCD [55] . At finite temperature, there are two potentials associated with apair separated by a distance r: the free energy F (T, r) and internal energy V (T, r). The free and internal energies actually correspond to slow and fast (relative) motion of the charges, respectively [54] . Infrared sensitive variables such as string tension are very helpful to identify specific degrees of freedom of the plasma. Since the confinement of color in non-Abelian theories is due to the magnetic degree of freedom, the magnetic component is expected to be present in the plasma as well [56] . In the presence of the chromo-magnetic scenario it was shown that the effective string tension of the free energy κ = κ F decreases with T , to near zero at critical temperature (T c ) [54] . In contrast, the effective string tension of the internal energy (corresponding to a fast relative motion of the charges) κ = κ V remains nonzero below about T = 1.3 T c with a peak value at T c about 5 times the vacuum tension κ 0 (κ V = 5 κ 0 = 5
GeV/fm) [54] .
III. RESULTS AND DISCUSSIONS
A. Charged hadron pseudorapidity and transverse-momentum spectra
All details of the HIJING/BB v2.0 model are extensively discussed in the literature [48] [49] [50] . Here we focus our analysis at two energies of interest: √ s = 0.9 TeV and √ s = 7 TeV, where data for charged particles [57] [58] [59] [60] [61] [62] [63] [64] and identified particles [27] [28] [29] [30] [31] [32] [33] [34] [35] have been reported for MB events. Except for the new energy dependence of the string tension (Eq. 4), all the other parameters of the models are as in Ref. [48] . Note that this modification also leads to a relatively small increase (approximately 10-12%) for the predicted density of charged particles at mid-rapidity, in comparison with previous results reported in Ref. [48] in the entire energy region of interest. This increase is now also supported by the new experimental data with LHC energy √ s = 7 TeV [57] [58] [59] [60] [61] [62] [63] [64] .
Charged hadron multiplicity measurements are the first results of the LHC physics program. The new data on charged particle pseudorapidity distributions [57, 58] , over a limited η range for non single diffractive interactions (NSD), are compared to model calculations in energy. As the colliding energy increases, the rate of multiple parton interactions (MPI) also increases, producing a rise in the central multiplicity. The increase with energy in our phenomenology is due to the interplay of the increased mini-jet production in high colliding energy with SLCF effects. A scenario with SLCF effects (solid histograms) reproduces well the measured multiplicity distributions. Without SLCF effects (i.e., κ = κ 0 = 1 GeV/fm ) the model strongly overestimates the central charged particle density (dashed histograms).
Data over a larger rapidity range are needed to determine the shape of the falling density in the fragmentation region. For completeness, the new TOTEM data [64] at forward pseudorapidity are also included.
The measured transverse momentum distributions for NSD events at √ s = 0.9 TeV and √ s = 7 TeV are shown in Fig. 2 in the range 0 < p T < 5 GeV/c, where both hard and soft processes are expected to contribute. The data of CMS [57, 58] and ATLAS [63] are measured in larger pseudorapidity intervals |η| < 2.5 and |η| < 1, respectively. In contrast, ALICE measurements [60] are in a very central region |η| < 0.8. The calculations were Statistical error bars on the data points are smaller than the markers.
performed using ALICE acceptance but, as can inferred from the data shown in Fig. 1 , the difference in pseudorapidity range has a negligible effect on the p T spectra. The model calculations including SLCF effects give a good description of the spectral shape at low p T (p T < 4 GeV/c) for both energies. At high p T (p T > 5 GeV/c) the calculations lead to a somewhat harder spectrum than that observed. In our phenomenology this could indicate that jet quenching, i.e., suppression of high p T particles like that observed at RHIC energies in nucleus-nucleus collisions, could also appear in p + p collisions, particularly for events with large multiplicity [48] .
B. Minimum Bias events. Identified Particle Spectra and Ratios.
The pp single particle inclusive p T spectra measurements are important for understanding collision dynamics, since the various particles show different systematic behavior, as observed at RHIC energy [65] . Detailed theoretical predictions for single inclusive hadron production (including hyperons) are discussed in this section. Baryon-to-meson ratios are experimental observables that can be used at the LHC to investigate multi-parton interactions and help understanding of the underlying physics [66, 67] . Unexpectedly high ratios observed in A+A collisions at RHIC energies have been discussed in terms of recombination and coalescence mechanisms [68] [69] [70] . In p + p collisions, however, a coalescence/hadronization scenario is not favored due to low phase space density in the final state. The HIJING/BB model [48, 50] , with SLCF effects and junction-anti-junction (JJ) loops included, provides an alternative dynamical explanation of the heavy-ion data at RHIC energies. We have shown that the model also predicts an increasing yield of (multi)strange particles, thereby better describing the experimental data in A + A and p + p collisions. 
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[(GeV/c) GeV/c at both energies. The over-prediction for proton and kaon production below p T = 1
GeV/c is consistent with possible presence of radial flow, which seems to be larger at 7 TeV than at 0.9 TeV. The radial flow could appear as a consequence of a hydrodynamic type evolution with flux tube initial conditions [6] , not embedded in our model. We extend our analysis to the production of (multi)strange baryons. In Fig. 4 we show the HIJING/BB v2.0 model predictions of p T spectra at mid-rapidity (|y| < 0.5) for Λ (solid histograms), Ξ − (dashed histograms) and Ω − (dotted histograms) baryons at 0.9 TeV and 7
TeV. For (multi)strange particles, the data indicate a stronger radial flow at 7 TeV than at 0.9 TeV. For the p T region of interest, 1 < p T < 4 GeV/c, the model results are in agreement with data at both energies. Figure 5 shows a comparison of model predictions with ALICE data [28, 29] of nonstrange baryon over meson ratios (p/π − ) at 0.9 TeV and 7 TeV. The ratios have been calculated by dividing the spectra reported in Refs. [28, 29] . Within our phenomenology the measured ratios are reasonably described in a scenario with SCLF effects (solid histograms).
The larger string tension parameterization results in a predicted increase of the ratiop/π − by a factor of ≈ 5 at 7 TeV. Note that the models PYTHIA [36, 37] and EPOS [71, 72] cannot reproduce the observed high baryon-to-meson ratios (see Fig. 6 and Fig. 7 in Ref. [66] ). The strange-particle ratios could also reveal manifestations of new collective phenomena.
In the EPOS model such an increase is obtained if the production of a mini-plasma is assumed in p + p collisions [5] , [72] . If confirmed by future measurements, these observables could open a perspective on new physics in pp interactions.
To investigate possible differences in the production mechanisms of multi-strange baryons that do or do not contain a non-strange quark we study the ratio of Ω − (sss)-to-Ξ − (dss) as a function of transverse momentum, p T . Due to low statistics we will consider the combined ratio (Ω − + Ω + )-to-(Ξ − + Ξ + ) at 7 TeV: the predictions are shown in Fig. 6a . The model results without SLCF effects (dashed histogram) underestimate the data by a factor of approximately 3. Note that recent calculations with the PYTHIA event generator [37] [38] [39] strongly underestimate the production rates [33] and fail to describe the above ratio [31] .
In contrast, the HIJING/BB v2.0 model in a scenario with SLCF effects (solid histograms) does describes the data. This ratio could also help to study the possible saturation of the s-quarks, which would be indicated by a flattening at high p T . However, the currently available data do not allow for firm conclusions.
It has been argued that strangeness production could be suppressed in p + p collisions by the limited volume of the colliding system, which requires localized strangeness conservations [74] . Such a canonical suppression does not, however, explain the suppression of the φ meson production in p + p collisions because φ has a net strangeness of zero [75, 76] . The study of the Ω/φ ratio is therefore also of great interest to distinguish between possible dynamical production mechanisms. The HIJING/BB v2.0 model predictions are presented in Fig. 6b .
The results predict a strong increase (up to an order of magnitude) for the scenario that includes SLCF effects (solid histogram).
In our approach, the dynamical mechanism that leads to such high values of baryon-tomeson ratios is SLCF appearing at the initial stage of the interaction. The SLCF mechanism strongly modifies the fragmentation processes (strangeness suppression factors) and thus results in a large increase of (strange)baryons. This interpretation is also supported by more sophisticated theoretical calculations, in a scenario in which a time-dependent pulse for the initial strength of the color field is considered [73] . An observed large enhancement of the baryon-to-meson ratios would be consistent with SLCF playing an important role in multiparticle production in p + p collisions at LHC energies and suggesting that high energy density fluctuations can reach very high densities, potentially comparable to those reached in central Au + Au collisions at RHIC energies [1] .
C. Baryon-to-meson ratio in HM pp collision events
To test the above assumptions, and in order to study possible new phenomena in p + p collisions, we examine in this paper the dependence of particle production as a function of the total charged particle multiplicity (N ch ) and compare the results with those from minimum bias event selection. The MB event selection is defined here as the existence of one charged particle in the rapidity interval |y| < 1. Since (multi)strange particle production in heavy-ion reactions is enhanced relative to that in MB p + p collisions [50] , one might ask whether the production rates in HM p + p collisions may already exhibit any feature like an enhancement due to SLCF effects. The increase is quantified by calculating the p T dependence at mid-rapidity (|y| < 0.8) of the baryon/meson yield ratios, e.g., (multi)strange baryon (Λ, Ξ, and Ω) over mesons (pions). MB and HM (N ch > 120) events assuming κ= 2 GeV/fm, and for HM events assuming κ = 5
GeV/fm.
One first notes that, for a constant value of κ, there are negligible differences between the predicted ratios for MB and HM events. On the contrary, assuming a larger value of κ leads to large increases that depend on particle species. The ratio of non-strange baryon over nonstrange mesons (p +p)/(π + + π − )) shows a multiplicative enhancement of approximately 3 
The results are plotted at mid-rapidity (|y| < 0.8) taking κ = 2 GeV/fm in the MB event selection (dotted histograms) and HM events with N ch > 120 (dashed histograms). For the HM events selection the predictions are also shown considering κ = 5 GeV/fm (solid histograms). The experimental ratios in (a) have been calculated by dividing the spectra from Ref. [29] .
relative to MB and HM results with κ= 2 GeV/fm (Fig 7 a) . However, the enhancement for (multi)strange baryon over meson ratio increases with increasing mass of hyperons: up to a factor of four for (Λ +Λ)/(π + + π − ) (Fig. 7 b) , up to a factor of ten for (
(not shown here), and up to a factor of twenty for ( (Fig. 7 c) and (Fig. 7 d) .
Recently, new (preliminary) data for the ratio of non-strange baryons over mesons, (p +p)/(π + + π − ) as function of charged particle multiplicity have been reported by the CMS collaboration [35] . These data do not show a dependence of the measured ratio on the multiplicity of the event, consistent with a scenario assuming a constant value for κ.
However, the measurements are performed within a very limited p T range (p T < 1.2 GeV/c) and the selection of events is neither NSD nor INEL and make comparison with theory difficult. Data on (multi)strange particle production extending over a larger p T range are more sensitive to SCF and would allow drawing a more definitive conclusion.
With high statistics measurements of identified particles, the LHC collaborations could test the model predictions and lend credence to the idea that new phenomena or possible out of equilibrium mQGP has been formed in HM p + p collisions. Note that the ALICE collaboration recently reported measurements of the inclusive J/ψ yield as a function of charged particle density at mid-rapidity (|η| < 1) in MB and HM events at 7 TeV. HM events were selected with different bins, up to four times MB multiplicity density. In these HM events an enhancement by a factor of about eight for J/ψ yields at mid-rapidity (|y| < 0.9)
was found relative to those in MB events [77] .
Preliminary ALICE data [78] on Λ and K 0 S nuclear modification factors in central 0-5% Pb+Pb collisions at 2.76A TeV appear also to agree qualitatively with our predictions of enhanced hyperon/meson yield ratios and their nuclear quenching pattern at transverse momentum p T > 2 GeV/c (see Fig. 8 from Ref. [50] ). In this paper we propose that a similar enhancement of the baryon-to-meson ratios may be observed in rare HM p + p collisions. In order to explore better the enhancement of the baryon/meson production ratio as a possible signature of mQGP in p+p collisions, and especially its possible dependence on event multiplicity, the particle yields at mid-rapidity (|y| < 0.8) are studied in six bins of charged particle multiplicity: 10 ≤ N ch < 30; 30 ≤ N ch < 60; 60 ≤ N ch < 80; 80 ≤ N ch < 100; 100 ≤ N ch < 120; N ch ≥ 120.
We select an experimental observable that would be sensitive to possible new phenomena and is well adapted to the low statistics expected from low yield particle production. We 
As examples, the predictions for (multi)strange-baryon-to-meson ratios are given, i.e.,
model predicts an almost constant value of R κ with no multiplicity dependence, while a slight dependence is predicted for the ratio R 5 of (Ω − + Ω + )/(π + + π − ). For the ratio (Λ +Λ)/(π + + π − ) an enhancement of a factor of 4 of R 5 over R 2 is predicted (Fig. 8a) . In contrast, for (Ω If the assumption of the dependence of κ on the total charged particle multiplicity (N ch ) is valid, we expect to see in the data a transition from R 2 (dotted line) at low multiplicity to R 3 (dashed line), to R 5 values (solid line) for higher multiplicity events. These results strongly suggest that the experimental data could contain a signature for a possible transition to a mQGP phase in hadronic collisions. The shape of an observed transition as a function of multiplicity could contain information on the nature of the underlying physics, e.g., if the transition is smooth or has a net threshold.
We showed that the baryon-to-meson ratios have an enhancement up to the highest LHC energy (14 TeV) [48] . Based on Eq. 4 the string tension value has a predicted modest increase from ≈ 2 GeV/fm to ≈ 2.15 GeV/fm, when going from √ s = 7 TeV to √ s = 14
TeV. In addition, as shown in Ref. [48] , a saturation sets in near √ s ≈ 3 TeV. Therefore, we expect relatively small further increases in the strange particle ratios and in the predicted values for R κ in HM p + p collisions at higher LHC energy.
IV. CONCLUSIONS
In this work within the phenomenology of the HIJING/BB v2.0 model we discussed observables sensitive to possible new phenomena, such as strong longitudinal color fields in HM p + p collision events. For MB bias events we show that a good description is obtained for charged and identified particle production, taking an energy dependence of mean string tension values κ = κ(s) = κ 0 (s/s 0 ) 0.04 GeV/fm.
The predictions for baryon/meson production ratios in p + p collisions at √ s = 7 TeV are discussed. We analyze the dependence of these ratios on the degree of collectivity in the reaction dynamics, characterized by an infrared sensitive variable, the string tension κ. The formation of a collective phase in high multiplicity p + p collisions would be made evident within our phenomenology by a relative increase in the baryon/meson ratios with increasing multiplicity, particularly those ratios involving strange and multi-strange particles.
The experimental data could show a multiplicity dependent transition as indicated by comparing results obtained with a lower value of κ = 2 GeV/fm to those corresponding to a higher value of κ = 5 GeV/fm originating from possible production of a transitory out of equilibrium mQGP phase. This transition is most likely gradual as a function of multiplicity and center-of-mass energy √ s . Corroborated with other observables sensitive to collective behavior, such as ridge structure, enhanced radial flow, high p T particle suppression (jet quenching) in p + p collisions, observation of saturation of hyperon/meson ratios could provide possible signatures of out of equilibrium mQGP phase formed in high multiplicity p + p collision events at ultra-high energies.
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